D
NA replication can only start at defined sites of initiation termed replication origins. Metazoan origins are defined by the loading of the prereplication complex (pre-RC, consisting of ORC, Cdc6, Cdt1, and MCM2-7) onto the DNA in a process called replication licensing (1) . Metazoan cells contain many more licensed origins than are fired during each round of replication (2) . These origins are organized into initiation zones or clusters that are activated at different times during S phase (3) . Eukaryotic origin firing is subject to regulation by the DNA damage response pathways. The S phase checkpoint controlled by the ATR and ATM kinases keeps levels of origin firing relatively low during normal S phase, suggesting that excessive origin firing is detrimental to cells (4) . If DNA replication is inhibited by DNA damage or shortage of nucleotides, the checkpoint suppresses origin firing more strongly to halt S phase progression until the replication block is removed (5) (6) (7) (8) . Somewhat contradictory, it has been shown that if replication fork progression is impaired by nucleotide shortages, more origins can be activated per cluster, and that this compensatory origin firing is important for survival of replication blocks (9) (10) (11) (12) . These observations have prompted the hypothesis that the checkpoint suppresses origins in inactive clusters more strongly than those in clusters that are already active (2, 12) . The balance between checkpoint suppression of origin firing and compensatory origin activation might furthermore be regulated by Polo-like kinase 1 (Plk1), which has been shown to counteract the S phase checkpoint in Xenopus egg extracts (13) .
The S phase checkpoint responding to replication blocks is mainly mediated by ATR and its downstream effector kinase Chk1 (6) (7) (8) 14) . ATR becomes activated by regions of singlestranded DNA at stalled replication forks (15) and activates Chk1 by phosphorylating it on Ser345 and Ser317 (16) (17) (18) . Chk1 has been proposed to regulate origin firing via two pathways. Firstly it inhibits the cyclin-dependent kinase Cdk2 (in complex with Cyclin A or E) by phosphorylation of its activating phosphatase Cdc25A, thus marking Cdc25A for degradation (19) . Secondly Chk1 can phosphorylate and inhibit the initiation kinase Cdc7/Dbf4 (Dbf4-dependent kinase, DDK) (20) , although it is currently not established that Cdc7 is down-regulated during replication stress (21) . Both Cdk2 and Cdc7 phosphorylate the preRC to facilitate loading of the replicative helicase cofactor Cdc45 and thus origin activation (22) . Inhibition of Chk1 leads to accumulation of Cdc25A protein in undamaged cells, consistent with Chk1 regulating Cdc25A and thus Cdk2 activity during normal S phase (23) . Both ATR and Chk1 inhibition or depletion increases origin firing in unperturbed cells (4, 24) .
In addition to increased origin firing, cells inhibited or depleted of Chk1 display reduced rates of replication fork progression (25) as well as an induction of the DNA damage response and double strand breaks (26) . Chk1-deficient cells display stretches of singlestranded DNA at nascent replication forks (25) . It is not known how Chk1 regulates replication fork progression, although a requirement for Chk1 to control aberrant homologous recombination (HR) at replication forks has been excluded (25) . One interesting possibility is that, just like slow replication fork progression leads to increased origin firing, the opposite relationship might exist and increased origin firing could lead to slow replication fork progression, for example by depleting essential replication factors. Lack of Chk1 activity might thus reduce replication fork speeds by increasing origin firing.
In order to test whether increased origin firing is the underlying cause for reduced replication fork progression in Chk1-deficient cells, we used the Cdk inhibitor roscovitine and siRNAdepletion of Cdc7 to down-regulate origin firing. Here we show that the reduction of origin firing to control levels reverses the slow replication fork speeds in Chk1-inhibited cells. Our data suggest that Chk1 regulates replication fork speeds during normal S phase indirectly by inhibition of excess origin firing.
Results
Roscovitine Treatment Does Not Influence Replication Fork Speed. To down-regulate origin firing independently of Chk1 activity, we used the cyclin-dependent kinase (Cdk) inhibitor roscovitine, which efficiently inhibits Cdk1, 2, 5, 7, and 9 (27, 28) . U2OS cells were treated with 25 μM roscovitine for 1 h and then in presence of roscovitine pulse-labeled with the thymidine analogues chlorodeoxyuridine (CldU) and iododeoxyuridine (IdU) for 20 min each (Fig. 1A) . Cells were lysed, DNA fibers spread out and immunostained using specific antibodies against CldU and IdU (Fig. 1B) . This method allows analysis of replication tracts, including measurements of fork speed and origin firing (29) (see Fig. S1A for details). Treatment with roscovitine alone decreased the frequency of origin firing compared to control (Fig. 1C ), in agreement with its role as a Cdk inhibitor. A decrease in origin firing will result in delayed S phase progression, unless replication fork speed is increased in order to compensate for the lower amount of replication initiation. However, replication fork speeds were unaffected by roscovitine treatment (Fig. 1 D and E) .
Roscovitine Treatment Increases Replication Fork Speeds in Chk1-Inhibited Cells. Cells were treated with the specific Chk1 inhibitor CEP-3891 (500 nM) (26) for 1 h, labeled in presence of CEP-3891 as above, and processed for DNA fiber spreads. As expected, CEP-3891 treatment increased the frequency of new origin firing ( Fig. 2 A and B) . When cells were treated with CEP-3891 and roscovitine together, the frequency of new origin firing was similar to control levels, showing that Cdk inhibition can counteract the increased origin firing induced by Chk1 inhibition ( Fig. 2B ; see Fig. S1B for more details of replication structures).
We then determined replication fork elongation after inhibition of Chk1 and replication origin firing. As expected, CEP-3891 treatment alone also resulted in reduced replication fork speeds ( Fig. 2 C and D) . Interestingly, if cells were cotreated with roscovitine and CEP-3891, replication fork speeds were higher compared to CEP-3891 treatment alone. Average replication fork speeds in cells treated with CEP-3891 and roscovitine together were intermediate between control-and CEP-3891-treated cells ( Fig. 2 C and D). To exclude a contribution of artifacts caused by high frequencies of fork fusion, we decreased pulse labeling times, resulting in shorter labeled replication tracks (see Figs. S2 and S3 and SI Text for details). This yielded results consistent with the experiments using longer pulse labels. Our observations suggest that fork speeds in Chk1-inhibited cells can be partially rescued by inhibiting origin firing, and thus that excessive replication initiation does contribute to the replication fork slowing induced by Chk1 inhibition.
Chk1-and Cdk-Inhibition Have Different Effects on S Phase Progression. Because it increases origin firing while decreasing fork progression rates, CEP-3891 treatment might not affect overall S phase length if increased initiation was able to compensate for slow fork progression. In contrast, roscovitine treatment decreases origin firing without increasing fork speeds ( Fig. 1) , which suggested that roscovitine treatment should increase S phase length. To test S phase progression in CEP-3891 or roscovitine-treated cells, we pulse-labeled asynchronously growing U2OS cells with IdU for 20 min and released the cells into IdU-free medium containing DMSO (control), CEP-3891, or roscovitine for 0-9 h. Flow cytometry of nuclei stained for IdU and DNA was used to measure the rate at which IdU-labeled cells progressed through S phase ( Fig. 3 and Fig. S4 for details). CEP-3891 treated cells displayed normal S phase progression and an overall accelerated cell-cycle progression, as indicated by the earlier entry into the next cell cycle (Fig. 3A, 9 h ). In contrast, roscovitine-treated cells displayed strongly delayed S phase progression (Fig. 3B ). In agreement with previous reports (27) , roscovitine treatment also induced G2/M arrest (Fig. S4B) . These data are in agreement with and support the results from the fiber analyses.
Codepletion of Cdc7 Increases Replication Fork Speeds in Chk1-Depleted Cells. To use an alternative to roscovitine for inhibiting origin firing, we siRNA-depleted cells of the Cdc7 kinase, which promotes origin firing but is not inhibited by roscovitine (30) . Cdc7 depletion was then combined with siRNA to deplete Chk1. U2OS cells were transfected with nontargeting siRNA or siRNA directed against human Chk1 or Cdc7 for 48 h and then subjected to DNA fiber analyses ( Fig. 4 ; see Fig. S5 for more details of replication structures). Interestingly, Cdc7 levels were partly reduced in Chk1-depleted cells and vice versa, suggesting that these two proteins are coregulated (Fig. 4A) . We could confirm that Chk1 depletion increased and Cdc7 depletion decreased origin firing (Fig. 4B) , although the effects of the siRNA treatments seemed not as pronounced as when using small molecule inhibitors and were not statistically significant. This may be due to difficulties in visualizing changes in origin firing induced by siRNA compared to inhibitors, because inhibitor treatment will increase new origin firing acutely, while siRNA treatment would result in a steady state of elevated origin firing that would be difficult to measure. Next, fiber spreads were analyzed for replication fork speeds. As expected, Chk1 depletion alone reduced replication fork speeds (Fig. 4C) , while Cdc7 depletion alone did not affect replication fork speeds (Fig. 4D) . Strikingly, codepletion of Cdc7 with Chk1 restored replication fork speeds to nearly control levels ( Fig. 4E and F) . These observations demonstrate that increased replication initiation is the main cause for slow replication fork rates in Chk1-depleted cells.
Discussion
We report that the slow replication fork rates in Chk1-inhibited or depleted cells can be reversed by simultaneous inhibition or depletion of proteins that promote origin firing. Our data therefore suggest that Chk1 effects replication fork speeds during normal S phase by inhibiting excess origin firing. It was previously shown that slowing of replication fork progression by nucleotide shortages can lead to increased origin activation (9-12). To our knowledge, it has not been described so far that increased origin activation can also lead to slowing of replication fork progression. Increased origin firing and reduced replication fork progression are well-described outcomes of ATR signaling defects in mammalian cells (4, 8, 24, 25, 29, 31 ). Here we show that these two phenotypes are closely linked and that increased origin firing is most likely causing the slowed fork progression. The mechanism of origin control by ATR signaling is known to be largely mediated by Chk1-dependent phosphorylation of Cdc25A to inhibit Cdk2 (19) . On the other hand, it is not known whether Chk1 also phosphorylates components of the replication machinery to promote replication fork progression. Our observations suggest that rather than acting directly at the replication fork, Chk1 promotes replication fork progression indirectly by phosphorylating Cdc25A. Our data also suggest that other ways of increasing origin firing, such as overexpression of Cdc7 or depletion of Cdc25A, could lead to a similar reduction in replication fork speeds as in Chk1-deficient cells. Our conclusions agree with previous suggestions that Chk1-mediated control of replication initiation prevents DNA damage during S phase (26) . How could increased replication initiation inhibit replication fork progression? One possibility is that the higher density of ongoing replication forks could accelerate depletion of factors that are essential for proper replication fork progression, such as nucleotides. Our previous observations suggested that slow fork speeds in Chk1-deficient cells does not result from nucleotide pool imbalance (25) . However, replication forks need other factors for efficient progression, such as histone chaperones (32) . Alternatively, excessive origin firing could activate a signaling pathway that down-regulates replication fork speeds. For example, Chk1 inhibition has been shown to activate ATR-mediated checkpoint signaling (26) .
There are several caveats to our interpretations: Cdk activity promotes HR, which could be upregulated at destabilized or stalled forks in Chk1-defective cells. Cdk-inhibition could suppress aberrant HR, allowing faster fork progression. However, we previously found that suppression of HR does not rescue fork speeds in Chk1-defective cells, suggesting that aberrant HR is not responsible for this phenotype (25) . Cdc7 is not only involved in regulation of origin firing; it is activated by treatment with etoposide or hydroxyurea (21), and it could be possible that Cdc7 actively down-regulates fork progression in response to destabilized forks in Chk1-deficient cells. Furthermore, the rescue of fork speeds by roscovitine treatment or codepletion of Cdc7 appears to be not complete. This suggests that Chk1 may promote fork progression by additional mechanisms, such as direct phosphorylation of the replication machinery. Chk1 stabilizes replication forks stalled by replication inhibitors independently of its role in promoting homologous recombination (6, 14, 33) . It seems unlikely that stalled replication forks can be stabilized by control of origin firing, and these data therefore suggest that Chk1 plays other important roles in replication fork stability. However, the near complete rescue of fork speeds using Cdc7 siRNA suggests that such a mechanism would play a relatively minor role during normal DNA replication. It seems likely that fork stalling as caused by replication inhibitors would affect a relatively small subset of forks during normal S phase. This view is supported by a previous report that DNA damage induced by Chk1 inhibition depends on initiation factors, Cdk2 and Cdc45 (26) .
Interestingly, Cdc7 protein levels appear to be reduced in Chk1-depleted cells and vice versa (Fig. 4A) . The decreased Chk1 levels in Cdc7-depleted cells might be due to the reduced S phase fraction in these cells (34) , but changes in cell-cycle distribution can not explain the reduction of Cdc7 in Chk1-depleted cells, because Cdc7 levels are stable throughout the cell cycle (35) . Cdc7 might become down-regulated to counteract some of the increased origin firing in Chk1-depleted cells. This observation could also help explain why Chk1 inhibition affects origin firing and fork progression more strongly than Chk1 depletion: Because under the experimental conditions Chk1 inhibitor is present for less than 2 h, it may not induce the same changes in protein levels of Cdc7 (and probably other proteins) as Chk1 depletion during the 48 h of incubation with siRNA. Interestingly, Chk1 protein levels decrease for unknown reasons if cells are treated with roscovitine for prolonged periods (36) . However, although the decrease in Chk1 is likely to counteract reduced origin firing in Cdk-inhibited cells, loss of Chk1 in roscovitine-treated cells was nevertheless associated with increased DNA damage (36) . The relationship between origin firing, replication fork progression, and DNA damage clearly merits further investigation.
Although it is currently not clear whether Chk1 regulates Cdc7 in vivo (20, 21) , Cdc7 activity is known to promote origin firing. Accordingly, Cdc7 depletion had a similar effect to Cdk inhibition in rescuing replication fork speeds in Chk1-deficient cells (Fig. 4) . In addition to origin firing, Cdc7 has been implicated in the DNA damage response; it interacts with and phosphorylates Claspin, thus promoting Chk1 phosphorylation (34) . As a mediator of Chk1 activation, Cdc7 could be expected to be required for normal replication fork rates like ATR and Claspin. However, our findings show this not be the case. A likely reason for this discrepancy is that Cdc7 depletion also prevents the excess origin firing usually induced by down-regulation of ATR or Chk1, thus reducing the requirement for Chk1 activity to promote fork progression. Although Cdc7 depletion does not change fork progression rates (Fig. 1) , and Cdc7 inhibition even increased fork rates (37) , it does result in delayed S phase progression, accumulation of DNA damage, and, in tumor cells, cell death, suggesting that reduced origin firing also leads to difficulties with completing replication (38) .
In conclusion, we report that the role of Chk1 in suppressing origin firing may also explain its role in promoting replication elongation. Regulation of origin density is thus an important mechanism by which ATR-Chk1 signaling promotes normal DNA replication. Maintenance of origin firing control may be an important mechanism preventing replication stress in mammalian cells.
Methods
Cell Lines and Treatments. Human U2OS osteosarcoma cells were grown in DMEM supplemented with 10% fetal calf serum in a humidified CO 2 atmosphere at 37°C. The Chk1 inhibitor CEP-3891 was provided by Cephalon, Inc., and used at 500 nM. Roscovitine was purchased from Sigma and used at 25 μM.
RNA Interference. To knock down human Chk1 and Cdc7 we employed siRNA duplex oligonucleotides (Dharmacon) directed against the Chk1 target sequence (sense): UCGUGAGCGUUUGUUGAAC (39) and the Cdc7 target sequence (sense): GCAGUCAAAGACUGUGGAU (30) . Allstars Negative Control siRNA (Qiagen) was used as nontargeting control. Five thousand cells grown in six well plates overnight were transfected with 100 nM siRNA using Dharmafect 1 reagent (Dharmacon) according to manufacturer's instructions for HeLa cells. Cells were transfected with 100 nM control siRNA, 50 nM targeting + 50 nM control siRNA or 50 nM of each targeting siRNA for codepletion experiments. Cells were lysed in RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Nonidet P40, 5% Na-Deoxycholate, 0.1% SDS) containing 1× protease inhibitor cocktail (Roche). Lysates from 4 × 10 4 cells per lane were resolved by denaturing PAGE and transferred to nitrocellulose. Proteins were detected using rabbit polyclonal anti-Chk1 antibody (Cell Signaling Technologies, 1∶300), mouse monoclonal anti-Cdc7 antibody (Abcam, DCS-341, 1∶5000), and mouse monoclonal anti-β-Actin antibody (Chemicon/Millipore, C4, 1∶4000). Incubations with primary antibodies were performed at 4°C overnight.
DNA Fiber Experiments. Exponentially growing cells were pulse labeled with 25 μM CldU followed by 250 μM IdU for 20 min each. Labeled cells were harvested and DNA fiber spreads prepared as previously described (25) . For immunodetection of CldU-labeled tracts, acid treated fiber spreads were incubated with rat anti-BrdU monoclonal antibody (AbD Serotec, 1∶1;000) for 1 h at room temperature. Slides were then fixed with 4% paraformaldehyde and incubated with an AlexaFluor 555-conjugated goat antirat IgG (Molecular Probes, 1∶500) for 1.5 h at room temperature. To detect IdUlabeled patches, a mouse monoclonal anti-BrdU antibody (Becton Dickinson, 1∶1;000) was used over night at 4°C, followed by an AlexaFluor 488-conjugated goat antimouse IgG (Molecular Probes, 1∶500) for 1.5 h at room temperature. Fibers were examined using a Biorad Radiance confocal microscope using a 60× (1.3NA) lens. The lengths of CldU (AF 555, red) and IdU (AF 488, green) labeled patches were measured using the ImageJ software (http://rsb. info.nih.gov/ij/), and μm values were converted into kb using the conversion factor 1 μm ¼ 2.59 kb (40) . Termination (red and red-green-red) or origin structures (green and green-red-green) were not measured. Replication structures were quantified using the Cell Counter Plug-in for ImageJ (Kurt De Vos, University of Sheffield, UK). The paired one-tailed student's t test was used for statistical analyses.
Flow Cytometry. Asynchronously growing U2OS cells were pulse labeled with 250 μM IdU for 20 min, washed twice with medium, and harvested immediately (0 h) or released into medium containing CEP-3891 (500 nM), roscovitine (25 μM) or an equal volume of DMSO and harvested after 3, 6, or 9 h. After harvesting cells were washed once with PBS and fixed in 70% ethanol over night at 4°C. Cells were incubated in 2 M HCl, 0.1 mg∕ml pepsin at room temperature for 20 mins, washed in PBS, and blocked in PBS containing 0.5% fetal calf serum, 0.5% Tween 20. Nuclei were incubated with mouse monoclonal anti-BrdU antibody (Becton Dickinson, 1∶100) in 2% fetal calf serum for 1.5 h, washed in PBS, and incubated with AlexaFluor 488-conjugated goat antimouse IgG (Molecular Probes, 1∶200) for 1 h. Nuclei were resuspended in 0.5 ml PBS containing 10 μg∕ml propidium iodide.
